Mutations in the surface glycoprotein (G) of infectious hematopoietic necrosis virus (IHNV), a rhabdovirus that causes significant losses in hatcheries raising salmonid fish, were studied. A 303 nt segment (mid-G region) of this protein from 88 Idaho isolates of IHNV was sequenced. Evidence of positive selection at individual codon sites was estimated by using a Bayesian method (MrBayes). A software algorithm (CPHmodels) was used to construct a threedimensional (3D) representation of the IHNV protein. The software identified structural homologies between the IHNV G protein and the surface glycoprotein of vesicular stomatitis virus (VSV) and used the VSV structure as a template for predicting the IHNV structure. The amino acids predicted to be under positive selection were mapped onto the proposed IHNV 3D structure and appeared at sites on the surface of the protein where antigen-antibody interaction should be possible. The sites identified as being under positive selection on the IHNV protein corresponded to those reported by others as active sites of mutation for IHNV, and also as antigenic sites on VSV. Knowledge of the sites where genetic variation is positively selected enables a better understanding of the interaction of the virus with its host, and with the host immune system. This information could be used to develop strategies for vaccine development for IHNV, as well as for other viruses.
INTRODUCTION
Infectious hematopoietic necrosis virus (IHNV) is an important rhabdoviral pathogen of salmonid fishes (Tordo et al., 2005) , causing a large economic impact on commercial fish farms as well as hatcheries raising fish for restocking and mitigation efforts (http://usda.mannlib. cornell.edu/usda/current/TrouProd/TrouProd-02-26-2007. pdf). Because of its economic importance, IHNV has been the subject of intense study. Much of this effort has been directed toward an understanding of the evolution of the virus Oshima et al., 1995; Huang et al., 1996; Emmenegger et al., 2000; Troyer et al., 2000; Kurath et al., 2003; , with particular focus on identifying the sites at which the virus proteins change as they evolve.
Because of physical and functional constraints, very few mutations result in an increase in virus fitness (Domingo, 2006) . Mutations that result in decreased fitness of the virus are removed from the gene pool by negative selection. Some (if not most) changes are neutral. They have no negative effect on fitness, but also do not provide a selective advantage (Domingo, 2006) . In the case of virus surface proteins, those that demonstrate enhanced fitness might behave in a number of ways. In one instance, the change might result in an improved interaction with the host, by more efficient host binding, entry or uncoating of the virus. Alternatively, the changes might disrupt the interaction of the virus with the proteins of the host immune system. Specific antibodies or receptors on the cells of the immune system might not recognize the altered epitopes as effectively, resulting in an enhanced ability of the virus to escape the defence systems of the host. These sites are under positive selection and are identifiable because the number of non-synonymous amino acid changes at these sites exceeds the number of synonymous changes (Domingo, 2006; Yang et al., 2000) . Until the advent of high-speed computers, identification of sites of positive selection was not reliable. However, with the widespread availability of high-speed computers, it has been possible to develop methods to identify individual sites under positive selection. Two of the most commonly used programs to identify sites of positive selection are PAML (Yang, 2007) and MrBayes (Huelsenbeck & Dyer, 2004) . In our study, recent (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) isolates of IHNV were obtained from commercial fish farms in the state of Idaho, USA. A 303 nt segment of the major surface (G) protein gene was amplified and sequenced. The sequences were evaluated by using a fully Bayesian method (MrBayes; Huelsenbeck & Dyer, 2004) to identify codons where the rate of nonsynonymous mutation exceeded that of synonymous mutation in a manner consistent with positive selection.
To test the relevance of these predictions, attempts were made to correlate the location of positively selected sites on the amino acid sequence with the three-dimensional (3D) structure of the virus protein. As the structure of the IHNV G surface protein has not been determined, we used a software algorithm (CHPmodels; Lund et al., 2002) to construct a 3D representation of the IHNV G protein. This approach utilized the structural and sequence homologies between the IHNV G sequence and the vesicular stomatitis virus (VSV) surface protein sequence (Roche et al., 2007) to construct a model of the IHNV molecule. The locations of positively selected sites were mapped onto the predicted 3D model of the IHNV protein. The predicted sites on the IHNV sequence mapped onto the surface of the protein that would be expected to be in contact with antibodies and/or cellular receptors, and at sites reported by others (Huang et al., 1996; Troyer et al., 2000) to be sites of mutation in the IHNV molecule. These regions also corresponded to the major antigenic sites of the VSV surface protein (Vandepol et al., 1986) .
METHODS
Source of virus. Isolates of IHNV were collected from outbreaks at commercial fish farms located in Idaho, USA, over the course of 16 years (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) . Samples were inoculated into cell culture (EPC or CHSE-214 cells) and identified as IHNV by virus neutralization. Viral lysates were stored at 275 uC. None of the isolates were passaged more than three times in culture.
Isolation of RNA, RT-PCR and sequencing. RNA was isolated from cell lysates by using a QIAamp viral RNA mini kit (Qiagen) following the manufacturer's instructions. DNA was synthesized from viral RNA by using an RT-PCR kit (Qiagen One-Step RT-PCR) as directed by the manufacturer, using outer primers described by Emmenegger et al. (2000) . Before sequencing, PCR primers were removed by using ExoSAP shrimp alkaline phosphatase (USB). PCR products were sequenced by using an ABI 3100 Genetic Analyzer (Idaho State University Molecular Research Core Facility), BigDye chemistry (ABI) and the inner primers described by Emmenegger et al. (2000) as sequencing primers. Each PCR product was sequenced in both directions and the output was analysed by using the Staden Package (Staden et al., 2000) for evaluation of base calls and production of a contiguous alignment of the complementary sequence.
Sequence analysis. Sequences were aligned by codon and trimmed to the 303 nt mid-G sequence reported by others (Emmenegger et al., 2000; Troyer et al., 2000; Kurath et al., 2003; . Reference sequences included GenBank accession numbers AF237983-AF237992, which represent earlier Idaho isolates (Troyer et al., 2000) , L40878, a representative of M clade isolates , and L40881 (SRCV), used by others as an outgroup sequence. Bayesian analysis was performed by using MrBayes 3.1.2 (Huelsenbeck & Dyer, 2004) in parallel mode. Specific commands for MrBayes were: 'lset nucmodel5codon nst52 omegavar5m3', 'report possel5yes'. Each chain was run for 1.2610 6 cycles. The sump and sumt commands were used to tabulate posterior probabilities of positive selection of each amino acid site, and to build consensus trees. Results of estimations obtained before the process reached convergence were discarded. Typically, the first 200 000 cycles were discarded.
Mapping of IHNV sites on VSV 3D structure. The 3D structure of the IHNV G protein was predicted by using the CPHmodels 2.0 homology modelling server (http://www.cbs.dtu.dk/services/ CPHmodels/) (Lund et al., 2002) . The amino acid sequence of the IHNV G protein (GenBank accession no. AAC42146; SRCV strain) was used as input to the web interface. The software identified the B chain of the VSV surface protein (2CMZ.pdb) as the highest-scoring template candidate, and constructed a 3D representation of the IHNV protein based on this template. The locations of positively selected sites were visualized by using VMD software (Visual Molecular Dynamics). A CLUSTAL W alignment (Thompson et al., 1994) was used to confirm the correspondence between IHNV and VSV sequences (data not shown).
RESULTS AND DISCUSSION

Sequence analysis
In total, 88 sequences were obtained. Of these, seven were unique. The rest were observed between two and 31 times (Table 1) . Representatives of each of these sequence groups were aligned by codon and analysed by using MrBayes. To validate the software used in these experiments, preliminary experiments used MrBayes to evaluate datasets of influenza HA protein (haemagglutinin), human immunodeficiency virus envelope protein and b-globin for evidence of positive selection. The results obtained were in strong agreement with those obtained by other computational approaches (Yang et al., 2000; Huelsenbeck & Dyer, 2004) (data not shown). The consensus tree obtained by using MrBayes on the IHNV sequence is shown in Fig. 1 . This tree was in agreement with the trees describing the Table 1 . Representatives of each of the sequence groups and frequencies of occurrence among the 88 sequences obtained The Fa18 sequence is identical to that of GenBank accession no. AF237991. The Fw38 sequence is identical to that of GenBank accession no. AF237983. The Fw40 sequence is identical to that of GenBank accession no. AF237987 (WRAC strain).
Representative isolate
GenBank accession no.
No. occurrences
relationships of Idaho strains reported by others (Troyer et al., 2000; in the following respects: (i) all (except the outgroup) were descended from group M strains; (ii) the two major clades that were observed were divided so that clade A-B contained the reference sequences associated with subgroups A and B of group M as previously reported (Troyer et al., 2000) ; and (iii) clade C-D contained the reference sequences associated with subgroups C and D reported by the same authors (Troyer et al., 2000) .
Estimates of mean posterior probability that a codon was under positive selection are represented in Table 2 , Fig. 2 and Fig. 3(a-c) . When all of the sequences (clade A-B and clade C-D) represented in Fig. 1 were analysed together, the amino acids with a mean probability of being under positive selection .95 % were aa 252, 256, 270, 272 and 277 (using the numbering scheme for the whole protein) ( (Fig. 3f) . The major difference between our study and that of Huang et al. (1996) was their observation of mutations at positions 230 and 231. We saw no amino acid changes at these positions in any of our sequences. Because we did not sequence the whole molecule, we could not observe the state of positions 78 and 81. It has been suggested that passage in cell culture may select for anomalous changes in virus proteins (Novella et al., 2005) . The fact that our isolates had not been passaged extensively in culture may explain why we did not observe changes at these positions. The closer agreement between our results and those of Troyer et al. (2000) may be because both that study and ours used isolates that had not been passaged extensively.
As it has been suggested previously (Huelsenbeck et al., 2006) that patterns of selection can be different in different lineages, the sequences in each of the main clades shown in Fig. 1 were analysed separately by using MrBayes. The results obtained by using the sequences in clade A-B are shown in Table 2 , Fig. 2(b) and Fig. 3(b) . In this case, the amino acids with mean posterior probabilities of positive selection .95 % were 220, 256, 270, 272, 277 and 284 . No other sequences with a mean posterior probability .70 % were observed. The results when the sequences of clade C-D were analysed separately are shown in Table 2 , Fig. 2(c) and Fig. 3(c) . In this case, the amino acids with mean posterior probabilities of positive selection .95 % were 247, 252, 256 and 272. Amino acids with mean Figs 2c, 3c. ). Further research is needed to determine whether these changes in the virus protein provide the mutated virus with a selective advantage.
Structural comparisons
If positive selection is arising as a result of the interaction between virus and host, either as a function of antigenantibody interaction or as a result of enhanced binding to cells, the sites involved must be located on the outside surface of the virus so that these interactions can occur. To visualize the possible location of positively selected sites on the virus, the 3D modelling software CPHmodels (Lund et al., 2002) was used. This software identified the B chain of the surface protein of VSV (2CMZ.pdb) as the highestscoring template candidate. A 3D model of the IHNV protein was constructed by using the VSV protein as a template. The resulting structures are shown in Fig. 3(a-c) , with the corresponding prefusion form of the VSV structure shown in Fig. 3(d) [note that, in Fig. 3(a-c) , only the mid-G portion of the IHNV molecule is represented]. In this figure, the molecules are oriented so that the view is from the top, facing directly toward the membrane. Fig. 3(a-c) are labelled to represent sites identified as being under positive selection at the .95 % (red) and .70 % (green) confidence levels by MrBayes. Fig. 3 (a) represents sites identified when all members of the dataset were included. Fig. 3 (b, c) represent sites identified when only the members of clade A-B or clade C-D, respectively, were used in the analysis. Fig. 3(d) is labelled to reflect the locations of amino acids that change in monoclonal antibody escape mutants of VSV (Vandepol et al., 1986) . Fig. 3 (e, f) represent the result of mapping sites of IHNV G amino acid changes reported by others (Huang et al., 1996; Troyer et al., 2000) on the prefusion form of the molecule.
All of the IHNV G sites identified by the Bayesian approach as undergoing positive selection were on or near the top surface of the molecule. This is consistent with the hypothesis that these sites may be involved in interaction with host antibodies. The cluster of IHNV G sites from aa 270 to 277 is in a prominent a-helix (helix E), which should be readily accessible to antibodies. This region corresponds to the VSV A2 region, which is one of the two major epitopic regions of that virus (Fig. 3d) . Helix E is also in a region of the molecule that does not change shape as the molecule converts from its prefusion state in the extracellular virion to the pH-activated state in the lysosome (Roche et al., 2007) . This would allow for more amino acid substitutions in this region. Amino acid changes in a hinge region, for example, would be more damaging to the function of the protein. Notable is aa 274, which is conserved in all of these sequences. This could indicate that this site is critical for the stabilization of this helix or for the binding of the virus to the host cell. The pattern of sites that were identified as undergoing positive selection by the Bayesian approach was in general agreement with reports of others (Huang et al., 1996; Troyer et al., 2000) (Fig. 3e, f) . However, Huang et al. (1996) observed variation at aa 230 and 231 but, in our study, these sites were absolutely conserved. The difference between our study and theirs could be explained by the fact that, in their study, the virus had been passaged repeatedly in culture to produce antibody-escape mutants. It is known that repeated passage in culture can allow amino acid changes that are not observed in vivo (Novella et al., 2005) . Fig. 2 . Histograms of posterior probabilities that amino acids are under positive selection, obtained by using (a) all of the sequence data that produced the tree shown in Fig. 1 ; (b) the sequences in clade A-B (Fig. 1) ; (c) the sequences in clade C-D (Fig. 1 ). See Table 2 Troyer et al. (2000) reported no changes at these sites, which may reflect the fact that the virus used in that study had not been passaged extensively. Finally, the A1 epitopic region of the VSV structure appeared to share the same general region of the molecule as aa 78 and 81 of IHNV G, identified by Huang et al. (1996) as an epitope of IHNV.
This would suggest that it might be informative if future studies also sequenced this region of this molecule.
Further work is needed to explore the suggestions provided by these results. A determination of the 3D structure of the IHNV G protein is needed to confirm the location of the Huang et al. (1996) as providing resistance to antibody neutralization. (f) IHNV sites identified by Troyer et al. (2000) as sites of non-synonymous mutation.
positively selected sites on the surface of the protein identified by the Bayesian approach. If it is possible to identify the regions of the G protein that are undergoing rapid selection, it might be possible to design vaccines whose sequences mirror the specific patterns of change being observed. Conversely, the fact that areas of the protein are conserved may imply that change in these areas is impossible if the virus is to remain viable. Vaccines directed toward these vital regions might be more effective, because the virus is prevented by structural constraints from mutating in these areas.
